Faithful protein synthesis relies on a family of essential enzymes called aminoacyl-tRNA synthetases, assembled in a piecewise fashion. Analysis of the completed archaeal genomes reveals that all archaea that possess asparaginyl-tRNA synthetase (AsnRS) also display a second ORF encoding an AsnRS truncated from its anticodon binding-domain (AsnRS2). We show herein that Pyrococcus abyssi AsnRS2, in contrast to AsnRS, does not sustain asparaginyl-tRNA Asn synthesis but is instead capable of converting aspartic acid into asparagine. Functional analysis and complementation of an Escherichia coli asparagine auxotrophic strain show that AsnRS2 constitutes the archaeal homologue of the bacterial ammonia-dependent asparagine synthetase A (AS-A), therefore named archaeal asparagine synthetase A (AS-AR). Primary sequence-and 3D-based phylogeny shows that an archaeal AspRS ancestor originated AS-AR, which was subsequently transferred into bacteria by lateral gene transfer in which it underwent structural changes producing AS-A. This study provides evidence that a contemporary aminoacyl-tRNA synthetase can be recruited to sustain amino acid metabolism.
Faithful protein synthesis relies on a family of essential enzymes called aminoacyl-tRNA synthetases, assembled in a piecewise fashion. Analysis of the completed archaeal genomes reveals that all archaea that possess asparaginyl-tRNA synthetase (AsnRS) also display a second ORF encoding an AsnRS truncated from its anticodon binding-domain (AsnRS2). We show herein that Pyrococcus abyssi AsnRS2, in contrast to AsnRS, does not sustain asparaginyl-tRNA Asn synthesis but is instead capable of converting aspartic acid into asparagine. Functional analysis and complementation of an Escherichia coli asparagine auxotrophic strain show that AsnRS2 constitutes the archaeal homologue of the bacterial ammonia-dependent asparagine synthetase A (AS-A), therefore named archaeal asparagine synthetase A (AS-AR). Primary sequence-and 3D-based phylogeny shows that an archaeal AspRS ancestor originated AS-AR, which was subsequently transferred into bacteria by lateral gene transfer in which it underwent structural changes producing AS-A. This study provides evidence that a contemporary aminoacyl-tRNA synthetase can be recruited to sustain amino acid metabolism.
A ccurate protein translation requires a complete set of 20 species of perfectly paired aminoacyl-tRNAs (aa-tRNAs). It was therefore expected that each organism should possess 20 aa-tRNA synthetases (aaRSs), each capable of matching a particular amino acid (aa) to the cognate tRNA (reviewed in ref. 1) . However, the vast number of sequences that emerged from genome sequencing and biochemical investigations revealed anomalies that forced a revision of this assumption (2) . Archaea and various eubacteria are deprived of glutaminyl-tRNA synthetase and more exceptionally of asparaginyl-tRNA synthetase (AsnRS). The homologous aa-tRNAs are formed indirectly by amidation of Glu and Asp, respectively, mischarged on tRNA Gln and tRNA Asn by a glutamyl-tRNA synthetase (GluRS) or an aspartyl-tRNA synthetase (AspRS) of relaxed specificity (3) (4) (5) (6) . In bacteria of the Thermus͞Deinococcus group, deprived of the enzymes forming free asparagine (Asn), the indirect route to tRNA asparaginylation also constitutes the sole pathway of Asn biosynthesis (6, 7) .
The functional interrelation between the direct and the indirect pathways of amide aa-tRNA formation is not well understood, and the phylogenetic relationship of their partners has not been explored. Emergence of the direct pathways of tRNA glutaminylation and asparaginylation had to be accompanied by concomitant apparition of the enzymes forming the free aa and the homologous aa-tRNA. The paths leading to the emergence of glutaminyl-tRNA synthetase and AsnRS have been documented (8, 9) , but the origin of the Gln-and Asn-forming enzymes remains unclear. In particular, it is not known whether the aaRS and the enzyme forming the cognate free aa originated from the same ancestor.
The microbial genomes are sprinkled with polypeptide chains consisting of one of the functional domains of aaRSs (10) . In some cases, the participation of these domains in a variety of cellular processes, such as translation regulation (11) , stimulation of DNA polymerase processivity (12) , and aa synthesis (13) , could be assessed. Analysis of the aaRS ORFs in archaeal genomes drew our attention to the fact that all archaea that possess AsnRS (7 of 13) display a second ORF highly homologous to the catalytic core of AsnRS (AsnRS2) but lacking the anticodon-binding domain. We analyzed the functional properties of AsnRS2 from Pyrococcus abyssi, a hyperthermophilic archaeon. The results show that this truncated AsnRS does not form Asn-tRNA Asn but produces Asn by amidation of Asp. Phylogeny suggests this asparagine synthetase (AS) appeared recently in archaea and allowed emergence of a direct and autonomous pathway of tRNA asparaginylation. This study describes an example of emergence of a new tRNA aminoacylation specificity and of the enzyme forming the homologous aa from a contemporary aaRS. , and AspRS2 were purified from E. coli overproducing strains.
Materials and Methods
Cloning of the P. abyssi asnS2 Gene. The ORF was amplified by PCR of genomic DNA with 22-and 20-nt-long sense and antisense primers extended by NdeI and PstI or KpnI restriction sites for cloning of the genes in pKKET and pET vectors, respectively. AsnRS2 was expressed in E. coli ER strain (ER͞ pKKET-asnS2) and in BL21-CodonPlus-RIL strain (BL21͞ pET-asnS2).
Overexpression and Purification of AsnRS2. The BL21͞pET-asnS2 strain was grown overnight at 37°C in LB medium containing ampicillin, and AsnRS2 was expressed by induction with isopropyl ␤-D-thiogalactoside. The cells were disrupted by sonication; the thermolabile proteins were flocculated by heat treatment of the 105,000 ϫ g supernatant during 30 min at 70°C and removed by centrifugation. AsnRS2 was further purified by chromatographies on DEAE-cellulose and hydroxyapatite followed by FPLC chromatography on an UNO-Q6 (Bio-Rad) column. From 27 g of cells, 80 mg of pure protein was isolated.
AsnRS2 Activities. ATP-PPi exchange. The reaction mixture contained 100 mM NaHepes (pH 7.2), 10 mM MgCl 2 , 2 mM ; after a 10-min to 5-h incubation, 20-l aliquots were diluted in 80 l of water; after phenol͞chloroform and chloroform extractions, the aqueous phase was dried and the products were suspended in 20 l of water. The reaction products were analyzed by TLC on cellulose plates of 0.5-l aliquots. Asp and Asn were separated with the solvent 2-propanol͞formic acid͞ acetic acid͞water, 80͞10͞10͞4 (vol͞vol͞vol͞vol); ATP was separated from its products with the solvent isobutyric acid͞25% ammonia͞water, 50͞1.1͞28.9 (vol͞vol͞vol). The labeled products were revealed by image plate with a Fuji Bioimager. The phenylthiohydantoin derivatized products were separated on a Brownlee PTC, C-18, 5-m column (220 ϫ 2.1 mm 2 ) and analyzed on an Applied Biosystems 420A Derivatizer.
Phylogenetic Analysis. Alignments were performed by using the CLUSTALX program, Version 1.81 (14) , and refined with the 3D structures of the proteins (Protein Data Bank). The trees were constructed from a bootstrap of 500 replicates obtained from analysis of an ungapped alignment of 215 residues inferred by the neighbor-joining method by using the PHYLIP package, Version 3.57c (J. Felsenstein, University of Washington, Seattle), with the Dayhoff PAM matrix; they were reconstructed with the maximum-likelihood method by using the PUZZLE program, Version 4.0.2 (15) . Trees were edited with the TREEVIEW program, Version 1.5.
Results
Existence of Two Genes Encoding AsnRS in P. abyssi. Analysis of the annotated genome from P. abyssi reveals two ORFs related to AsnRS, one encoding the full-length enzyme and the other one, a shorter isoform, identified as AsnRS2 sharing 39% identity with the canonical AsnRS. The gene encoding this truncated AsnRS (asnS2) was found in six other archaeal genomes (16) but not in bacterial or eukaryal genomes. Surprisingly, all archaea that encode AsnRS2 also possess the full-length AsnRS ( Table  1) . Alignment of AsnRS2 with the archaeal AsnRS and AspRS shows this isoform lacks the 100 first aa, which in other AsnRS are organized in the anticodon-binding domain (Fig. 1) ; nevertheless, the catalytic core displays the three consensus motifs characterizing class II aaRS in which the invariant and semiinvariant residues are mostly conserved (17) . To assign a function to these truncated AsnRS, we expressed P. abyssi AsnRS2 in E. coli and analyzed its properties.
Cloning, Expression, and Analysis of Substrate Specificity of P. abyssi
AsnRS2. Analysis of the extract of the BL21͞asnS2 strain showed presence of a thermostable protein corresponding to the 294-aa-long polypeptide chain (molecular mass of 36,061 Da) encoded by asnS2. Gel filtration of the purified protein revealed a molecular mass of 60 kDa, whereas SDS͞PAGE showed polypeptide chains of 34 kDa, suggesting a homodimeric structure for the native protein.
Aminoacylation assays on either unfractionated E. coli tRNA or enriched Thermus thermophilus tRNA Asn were unsuccessful with AsnRS2 under conditions where Thermus thermophilus AsnRS forms Asn-tRNA (not shown). Further, AsnRS2 was also unable to form asparaginyl adenylate (AsnϳAMP), as revealed by the absence of Asn-dependent ATP-PP i exchange (not shown). Surprisingly, the enzyme stimulated the exchange in the presence of Asp with a rate constant comparable to that of AspRS2 from Thermus thermophilus, an archaeal-type AspRS (respectively 1.0 and 1.75 s Ϫ1 at 70°C), demonstrating its capacity to form AspϳAMP. However, AsnRS2 was unable to aspartylate tRNA. Despite its inability to activate Asn, AsnRS2 binds Asn, 
Only archaeal genome sequences for which the presence (ϩ) or absence (Ϫ) of the genes could be ascertained are listed. Genes encoding AsnRS2 (asn2) and the enzymes involved in either Asn ( * ) or Asn-tRNA Asn ( †) formation, asnA, asnB, gatCAB, and asnS encoding, respectively, asparagine synthetases A and B, amidotransferase (AdT), and AsnRS are presented.
which acts as a competitive inhibitor of Asp (not shown). Affinity of AsnRS2 for Asn exceeds 10 times that for Asp (K m for Asp is 180 M and K i for Asn is 16 M), contrasting with the strict specificity of AspRS and AsnRS for their cognate aa.
Characterization of the Reaction Catalyzed by AsnRS2. Inability of AsnRS2 to aspartylate tRNA narrowed the possible role for this protein down to AS or argininosuccinate synthase, which, like AsnRS2, use Asp and ATP as substrates and form AspϳAMP. Inspection of the biochemical background of archaea shows that all are missing asnA, the gene that encodes, in eubacteria, the ammonia-dependent AS-A (Table 1) . However, with two exceptions, all archaea possess the glutamine-dependent AS-B; half of them possess also the AdT able to catalyze the tRNA-dependant Asn formation, whereas the other half encode AsnRS2 (Table 1) . We therefore hypothesized that AsnRS2 might be an enzyme catalyzing the ammonia-dependent formation of free Asn. Fig.  2 shows that AsnRS2 was able, in the presence of NH 4 ϩ , to convert Asp into a component of the same chromatographic mobility as Asn (lane 3). Formation of Asn was confirmed by (i) derivatization of the compounds of the reaction mixture with phenylisothiocyanate, showing formation of phenylthiohydantoin-Asn (not shown) and (ii) transfer of the radiolabeled aa formed in the amidation reaction and isolated by TLC, onto tRNA by Thermus thermophilus AsnRS, which exclusively charges tRNA with Asn (data not shown).
Selectivity of AsnRS2 for free ammonia as an amide group donor (Fig. 2, lanes 2 and 3) and absence of glutaminase or asparaginase activities able to produce free NH 3 (lanes 4 and 5) reveal a mechanistic resemblance to AS-A (18) .
Formation of Asn is correlated with conversion of ATP into AMP (Fig. 3) . Quantification of the end products along the kinetic curves shows formation of Asn and AMP in a 1͞1 stoichiometry. However, consumption of ATP exceeds formation of AMP (Fig. 3B) because of an accumulation of a small amount of ADP. This side-product appears only under amidation conditions and represents Ϸ8% of the ATP consumed. A K m for Asp of 4-5 mM and a k cat of 2-3 s
Ϫ1
were determined. The affinity for NH 4 ϩ was high because the contaminating ions partially stimulated the amidation. Finally, among the various nucleoside triphosphates only ATP promotes amidation.
P. abyssi AsnRS2 Confers Asn Prototrophy. To unambiguously prove that AsnRS2 ensures Asn synthesis in vivo, we attempted complementation of the E. coli ER strain, auxotrophic for Asn (19) , by transformation with pKKET-asnS2. Fig. 4 shows that P. abyssi asnS2 was able to confer Asn prototrophy to the transformed E. coli strain. This result constitutes strong evidence that AsnRS2 serves as AS-A in P. abyssi. (2) is summarized. The sequences of the enzymes of P. abyssi (Pabyssi) and the consensus sequences encompassing the consensus motifs 1, 2, and 3 of class II aaRSs are shown. The motifs are schematized by black boxes located at the top or bottom of the sequences, and the invariant residues are indicated in white letters. The percentage homology is symbolized by shading: black and dark-gray shadings denote 100% and 80% of homology, and light-gray shading denotes conservation of the chemical nature in at least 80% of residues; dots symbolize lack of a residue in the detailed sequences and homology lower than 80% in the consensus sequences. Nomenclature of the consensus sequences is the following: a, aromatic; h, hydrophobic; Ϫ and ϩ, negatively and positively charged; p, polar or small residues; refers to a gap. Residues interacting with the aa (}) or the adenylate (F) moiety of AspϳAMP or with both (s) in the 3D structure of the complex of Pyrococcus AspRS (22) are indicated. (Fig. 5) . Branching of the AsnRS2 clade suggests that this enzyme derives from an AspRS ancestor that also evolved AsnRS and the archaeal͞eukaryal AspRS. The most probable event that could explain apparition of AsnRS2 would be two gene duplications (Fig. 5) . The first was that of the AspRS ancestor, from which one copy evolved into archaeal͞ eukaryal AspRS and the other one into AsnRS. The second was that of AsnRS, from which one copy originated AsnRS2 and the other one conserved the function of AsnRS. The fact that AsnRS is present in the three phyla whereas AsnRS2 is archaeal-specific suggests that AsnRS appeared just before the split of archaea and eukaryotes and AsnRS2 after the split. The high bootstrap values obtained along the evolutionary path leading to AsnRS2 (in thick bars) supports this scenario. Because the topology of the trees was independent of the method used, bias inherent to the use of a particular method was minimized.
Because of the absence of significant sequence similarity of AS-A with AspRS and AsnRS, introduction of AS-A sequences in the alignment resulted in (i) a significant sensitivity of the topology of the trees to the method used for their reconstruction and (ii) a drop of Ϸ50% of the bootstrap values of all branches (data not shown). Nevertheless, the AS-A clade was always branched to the AsnRS2 lineage, suggesting that bacteria did not evolve AS-A but acquired this enzyme by lateral gene transfer from archaea. This event is supported by the conservation of a synteny involving asnA in bacteria or asnS2 in archaea and the gene encoding a transcription regulator (asnC). This synteny is found in 6 of 12 species of bacteria possessing AS-A (20) and in two archaea.
Mapping AsnRS2 Active Site. The alignments of AsnRS2 with AS-A (Fig. 6A ) refined by the 3D structure of E. coli AS-A complexed with AMP and Asn (21) allowed identification of the essential residues of P. abyssi AsnRS2 and mapping them in the active site of E. coli AS-A. All residues of AS-A contacting the Asn substrate are strictly conserved at almost the same position in AsnRS2 with only one exception (A74 in AS-A replaced by I77 in AsnRS2, Fig. 6 A and B) . The same strategy was used to map AsnRS2 residues (Figs. 1 and 6A ) in the 3D structure of the active site of Pyrococcus AspRS complexed with AspϳAMP (22) . Most of the residues conserved in the active sites of AS-A, AsnRS2, and contacting Asn are conserved in AspRS and contact Asp. Indeed, of the 11 residues involved in recognition of Asn in AS-A (and in AsnRS2) and of Asp in AspRS, 8 are strictly conserved but differ in the interactions they make with the substrate. Additionally, of the 8 residues involved in recognition of AMP in the AspRS complex (23), 6 are conserved in AsnRS2 and AS-A and contact AMP (Fig. 1) . However, the 3 residues contacting the ␣-COOH, ␣-NH 2 , and ␤-CO groups of the aa substrate are not conserved (Fig. 6B) . In AsnRS2, D195, equivalent to D219 in AS-A and involved in recognition of the ␣-NH 2 group of the substrate, is replaced in Pyrococcus AspRS by I340. In the second strand of motif 2 of Pyrococcus AspRS, S229, which binds the ␣-COOH group of Asp with a watermediated bond, is replaced by Q116 in both AsnRS2 and AS-A, which now interact with the ␤-COOH group of the substrate. Finally, Q192, the last residue of the QSPQ motif of AspRS, which contacts the ␣-NH 2 group of Asp, is replaced in AS-A and AsnRS2 by A74 and I77 and does not interact with the substrate. Nonconservation in AsnRS2 (or AS-A) and AspRS of the residues contacting identical substrate groups provides the structural basis for the reversed orientation of the Asp substrate in the active centers (Fig. 6C) , and suggests that conversion of the ␣-COOH-activating site of AspRS into the ␤-COOH-activating site of AS-A or AsnRS2 was achieved by only three substitutions: I340 to D195, Q192 to I77, and S229 to Q116 (Fig. 6C) .
The active sites of AS-A and AsnRS2 differ additionally from that of AspRS by the flipping and motif 2 loops that might be related to differences in the reactions they catalyze: AS-A and AsnRS2 transfer the activated Asp onto ammonia and AspRS onto tRNA Asp . Comparison of the 3D structures of E. coli AS-A and Pyrococcus AspRS and alignments with AsnRS2 show conservation of an acidic residue in the flipping loops, Glu in AspRS (E170 in Pyrococcus AspRS) and Asp in AS (D46 in AS-A and D47 in AsnRS2), both contacting by hydrogen bond the ␣-NH 2 group of the substrate (Fig. 6B) . In addition, the flipping and motif 2 loops differ in size. In AS-A the flipping loop is five residues longer than in AspRS and AsnRS2, whereas in AsnRS2 the motif 2 loop is longer than in AspRS and in AS-A. These differences probably reflect distinct functionalities of AS 
Discussion
This investigation proves that AsnRS2 is the archaeal orthologue of the bacterial ammonia-dependent AS-A. Therefore we renamed this protein archaeal AS-A (AS-AR). Previous studies suggested that AS-A might have evolved from an archaeal͞ eukaryal ancestor (24, 25) . This hypothesis was supported by the structural resemblance at the 3D level between E. coli AS-A and the catalytic core of yeast AspRS (21) . However, the lack of significant sequence similarities did not allow us to establish the phylogeny between these enzymes. We show that AS-AR constitutes the link in the evolutionary path that led to emergence of ammonia-dependent Asn synthesis. An AspRS ancestor originated AS-AR through two gene duplication events, one in the archaeal͞eukaryal progenitor and another one later in archaea. The phylogenetic analysis suggests that bacterial AS-A results from a lateral gene transfer of archaeal AS-AR. Thus the absence of sequence homology of archaeal AspRS with AS-A, contrasting with their high degree of identity with AS-AR, suggests that whereas the gene in bacteria underwent structural changes, the archaeal gene, for reasons that would have to be clarified, remained untouched. A similar phenomenon occurred in the evolutionary history of bacterial AsnRSs, which segregate in two subgroups, one typically bacterial (Fig. 5, group 1) and another one archaeal-like (Fig. 5, group 2) . Three prerequisites were needed for evolving AS from AspRS: (i) switch in activation of the ␣-COOH group of the Asp substrate (for AspRS) to the ␤-COOH group (for AS), (ii) loss of transfer of the ␤-COOH-activated Asp onto tRNA, and (iii) binding of ammonia and transfer onto the activated ␤-COOH group of Asp. Acquisition by AspRS of the capacity to activate this COOH group had to be accompanied by the loss of tRNA aminoacylation to prevent isopeptide bond formation in proteins and premature termination of peptide elongation on ribosomes. Further, because the activated Asp can react with nucleophilic acceptors (26) , loss of the tRNA charging capacity of the ␤-COOH-activating AspRS had to be correlated with acquisition of the amidation reaction to prevent release of AspϳAMP.
So far, four aaRSs truncated from their anticodon-binding domain have been described: GenX (27) , BirA (28), HisZ (13) , and AlaX (10), respectively homologues of Lys-, Ser-, His-, and AlaRS. Their cellular functions are diverse, and they are distributed in all kingdoms of life. HisZ functionally most resembles AS-AR. Although this enzyme does not form aa directly, it constitutes the functional subunit of the ATP-phosphoribosyltransferase, involved in the His biosynthetic pathway (13) . Thus, to our knowledge, AS-AR constitutes the first example of a truncated aaRS capable of synthesizing its cognate aa.
Absence of anticodon-binding domain raises the question whether these isoforms evolved from complete aaRSs that lost their anticodon-binding domain or from simpler aaRS ancestors that had not yet acquired this domain. Because AS-AR evolved from an archaeal AspRS ancestor that also originated AsnRS (Fig. 5) , and AspRS and AsnRS both display an anticodonbinding domain organized in an OB-fold (29), the AspRS ancestor had to already possess this domain. Otherwise, one has to consider the highly improbable event that bacterial, archaeal, and eukaryal AsnRS and AspRS independently acquired the same anticodon-binding domain. The loss of this module was probably imposed by a strong selection pressure to destroy aminoacylation capacity of an AspRS activating group other than the ␣-COOH of Asp. Because in subclass IIb aaRS residues from anticodon constitute the major elements responsible for efficient aminoacylation (reviewed in refs. 30 and 31), loss of the anticodon-binding domain will impair the capacity of these aaRSs to bind and aminoacylate their tRNA substrate.
Synthesis of Asn is distinctive because it can be produced by three different and unrelated enzymes, AS-A (or AS-AR), AS-B and AdT. AS-B and AdT are found in the three domains of life, suggesting that they were already present in the latest common ancestor. AS-A, however, is found only in a subset of pathogenic bacteria and in seven archaea. Furthermore, almost all organisms that possess AS-A also contain AS-B or AdT. Only three organisms, two bacteria (Haemophilus influenzae and Pasteurella multocida) and one archaea, (Thermoplasma volcanium) escape this rule, and strictly depend on AS-A or AS-AR for Asn synthesis. The reason why AS-A predominantly coexists with another AS is unclear. Presence of AS-AR in all archaea that display AsnRS suggests that this Asn synthetase has especially been acquired by archaea to allow emergence of the direct and autonomous pathway of tRNA asparaginylation.
